Light weight sandwich laminated panels are increasingly being used as structural materials for a wide variety of applications in marine, aerospace, automobile, transportation and electronic packing sectors. These sandwich panels are separated by stiff and strong face sheets, with low density core such as polyurethane foam, corrugated polyvinyl chloride sheets, aluminum honeycomb or polystyrene cellular solids. The core provides the necessary section modulus as well as shear rigidity at a low weight premium and the facing provide the adequate flexural rigidity and strength. Such a combination is being referred to as sandwich effect. The application of sandwich panels is of recent origin and their heterogeneous nature makes the understanding of static behavior extremely complex.
Introduction
Sandwich construction is widely used because of its ability to provide high bending stiffness coupled with light weight. The use of composite sandwich structures has significantly increased particularly in marine and aviation applications in recent years as suggested by researchers Scudamore R.J and Cantwell W.J. Sandwich structures are being increasingly used in the primary structures such as vertical tails, horizontal flaps, and boat hulls. Their good shock resistance combined with high flexural rigidity, furthermore makes them ideal for the manufacture of large panels and ship hulls proposed by researcher Dai J and Thomas H .Durability is one of the key design parameters for any structure where its safe life must be guaranteed before the initiation of observable damage. The sandwich structures are mostly subjected to flexural loading when they are used in ship hulls .Since sandwich structures are manufactured by different manufacturing methods such as resin transfer moulding (RTM), compression moulding, and autoclave vacuum bag moulding, two important factors are frequently overlooked. First, the bonding between the face and core of sandwich structures is assumed to be perfect bonding. The conventional manufacturing method of sandwich structures is completed by adhesive joining of cores to the separately prepared composite faces. The joining process during sandwich fabrications is a complicated process which requires strict quality control. A number of investigators have noted that sandwich structures can fail in a number of different modes. Jongman K., Stephen R dealt with the failure modes of the sandwich beams, which are categorized as the failure of the face by fibre breakage, failure of the core or delimitation of the core/face interface by shear and failure of the core in compression R or combination of them, are closely related to the adhesion characteristics between the face and core of the sandwich structures. Second, Lee C.S., Lee D.G dealt in many cases were the manufacturing parameters of the sandwich structures are selected as the same as those of the composite faces. A potentially useful tool for design of sandwich structures is the concept of a failure mode map, where the failure modes are identified as a function of the design variables such as face and core and structure dimensions and the core and face material properties.
Sandwich structures that employ a polyurethane foam core between two relatively thin skins of glass fibre reinforced plastics (GFRP) are desirable in several engineering applications that require high strength-to-weight ratios with good damping capacity. Because of their ability to absorb large amounts of energy, they are also often used as a "cushion" against external loads. Polyurethane foam sandwich structures are currently being used in many engineering applications, in local automotives, and within and outside of aerospace engineering. Light weight polyurethane foam materials can be used in the construction of composite panels, shells, and tubes with high structural efficiency.
Ziad K. Awad et al. have investigated frequency characteristics of GFRP/ Phenolic sandwich beams experimentally by strike method using the LMS Test-lab instrument, in which the tests were carried out for three different boundary conditions. Jian Xiong et al, have studied the mechanical response and failure mechanisms of two-layer carbon fiber composite sandwich panels with pyramidal truss cores under uniform quasi-static compressive loading and low-speed concentrated impact, as an initial step in understanding the performance of multi-layer composite panels. Marco Matter et al have developed a mixed numerical-experimental identification procedure for estimating the storage and loss properties in sandwich structures with a soft core. The method uses at the experimental level, a precise measurement setup with an electro-dynamic shaker and a scanning laser interferometer, and at the computational level, an original structurally damped shell finite element model derived from the higher-order shear deformation theory with piecewise linear functions for the through-the-thickness displacement.
Qunli Liu and Yi Zhao have studied the vibration of a sandwich panel with two identical isotropic face sheets and with an orthotropic core. The governing partial differential equation was derived using a variational principle and predicted the natural frequencies of a rectangular sandwich panel proposed analytical model. The effects of the structural and material parameters such as core anisotropy, core density, and face sheet thickness on natural frequencies were discussed. Amir Shahdin et al. carried out compression tests in order to calculate the compressive modulus for the sandwich honeycomb, foam and entangled specimens. Hualin Fan et al fabricated multi-layered panels by stacking thin monolayer panels to improve the energy absorption ability of the woven textile sandwich. Quasi-static compression experiments were conducted to get the stress-strain curves and to reveal the energy absorption mechanism. Dharmasena et al., and Wadley et al found that FRP multi-layered sandwich structure were effective at resisting dispersing high intensity impact impulses, as well as reducing the peak pressure trans-mitted to the underlying structure. The dynamic crush response of a low relative density, multilayered corrugated core is investigated by combining insights from experiments and 3D finite element simulations.
S. C. Mohanty , proposed a finite element for modelling a generalized multi-layered symmetric sandwich beam, with alternate elastic and visco elastic layers. The detailed derivation of the element mass and stiffness matrices have been presented. The researcher presented numerical results for three, five and seven layered visco elastic core material. He also proposed an element that can be used for vibration analysis of sandwich beams having any number of layers. Nakra explained about the use of vibration control of machines and structures incorporating viscoelastic materials in suitable arrangement as an important aspect of investigation. Multilayered sandwich like structures can be used in aircraft structures and other applications, such as robot arms for effective vibration control.
Over the years, many a number of researchers have investigated the dynamic behavior of sandwich panels. Researchers have studied sandwich structures with special emphasis on the face Sheets and it is generally agreed that the behavior of face sheet materials is well known and therefore could be included in the design process. However, it cannot be said the same about the sandwich structures materials, especially those made of foam cores. In addition, it has been demonstrated that during flexural loading in static or cyclic, the core section basically controls the failure of the sandwich structures.
Although the concept of "sandwich principle" is simple and user friendly, there is a plethora of issues related to variety of aspects like the quantitative assessment of influencing variables like core thickness & core mechanical properties, Face thickness & Face mechanical properties, type of resin and method of manufacture of sandwich construction on Static design parameters such as flexural rigidity, core shear modulus, Failure modes, maximum load bearing ability and interface strength of the sandwich panels as well as on dynamic characteristics like fundamental natural frequency & mode shape. Hence, in this paper, a detailed investigation of these aspects have been taken up which will eventually enable designers to pitch upon correct choice of thickness of FRP Face Sheets and Inserts to be used.
The objectives of the study is to examine the influence of Polyurethane foam core of different thickness and densities on the static flexural stiffness of sandwich panel with woven glass fibre reinforced plastic facings and to investigate the extent of improvement in the flexural performance characteristics of the PU sandwich panel through incorporation of hybrid rigid inserts in the core.
Experimental Methodology
The Methodology involvesPreparation of facings, PU foams, and sandwich specimens according to ASTM standards using 'vacuum bagging technique'. In all, five specimens were prepared with different core thicknesses, different core densities, and with or without an insert face sheet. Use of appropriate test methods as per standards and guidelines in order to evaluate the flexural properties and maximum load carrying capacity for clear understanding of static behaviour of sandwich beams.
Fabrication of PU Sandwich Panels

Preparation of facings using Vacuum Lay-up Technique:
Commercially available Bi-woven glass cloth laminates are used for making the facings. The cloth ply was trimmed to the correct size and stacked in 0 /90 orientation and was built to a thickness of around 2.0 mm. The surfaces were thoroughly cleaned in order to ensure that they are free from oil, dirt, etc. before bonding at room temperature. An adhesive made from a mixture of LY556 resin and HY 951 hardener mixed in the ratio of 10:1 by weight was then applied. Vacuum lay-up technique with vacuum level of 400 mm of Mercury for 1 hour was made used to avoid surface undulations of air pockets at the interface. These are cured for about 24 hours at room temperature. Vacuum lay-up process is a closed moulding process; it virtually eliminates potentially harmful Volatile Organic Compound (VOC) emissions. The vacuum system facilitates good resin distribution and consolidation of the laminate as shown in Figure 1 . The 1mm and 2 mm face sheets are manufactured by stacking layer by layer of woven glass fibre sheets and are allowed to dry for 30 minutes. The two face sheets of 1 mm thick are laid on the table. The PU foam core material of required thickness is then stacked in between the face sheets using adhesive.
Release of entrapped gases:
Process is further assisted by vacuum bag moulding to release the entrapped gases present for proper stacking.
6. Removal and cleaning of final sandwich sheet is done properly.
7. The sheet is cut into required dimensions for testing.
The following cases are considered for the preparation of the specimens:
Case E -F-C-F-C-F (2-7-2-7-2 mm) The specimens are cut from the manufactured sheet as per dimensions shown above.
Testing of Specimens
Three testing trials are decided on each of the above cases and the testing is done to • Evaluate static flexural stiffness of sandwich panels with and without rigid inserts of different thickness and densities of the core by 3-point and 4-point Bend Tests as per American Society for Testing of Materials -ASTM C393.
• Evaluate static flexural stiffness parameters incorporating hybrid insert at the shear resisting locations in the core with epoxy resin as the adhesive.
To assess the static behaviour of sandwich panels, Flexural 3-Point and 4-Point tests have been carried out as per the guidelines of ASTM standards to determine the stiffness constants. Flexural tests have also been conducted with rigid inserts incorporated in the sandwich panels to determine the extent of increase in the stiffness characteristics of the panels. Apart from stiffness, & strength, fracture modes of the sandwich panels have also been determined using 3-Point and 4-point bend tests shown in Figure 2 and Figure 3 . Flexural tests have also been carried out with different facings to understand the sandwich effect and to identify the appropriate sandwich equation for the computation of stiffness. Flexural tests as per ASTM C393 were carried out to determine panel bending stiffness (D) and Core Shear Modulus (G) on the Sandwich panels. Three-point and four-point bend tests were conducted and the method of loading in each case is indicated in Fig. 4 and 5. Flexural testing with central loading has been carried out in accordance with ASTM C 393-62 using Universal Testing Machine (LLYODS Corp., U.K.) as well as using indigenously designed and developed Digital Flexural Test System shown in figure 6 . The movable carriage of the machine is brought on the loading bar and load is applied gradually at the cross head displacement rate of 2 mm/min. Plot of load versus deflection is recorded. Few of the specimens are tested up to the elastic limit and few up to failure load. The above tests were carried out for both the Sandwich Specimens without Rigid insert and with Rigid insert and the results were recorded. Flexural testing with 4 Point loading was carried out using indigenously designed and developed Digital Flexural Test System. The slope of the Load versus central deflection has been determined for each specimen. For each type of sandwich panel, the slopes obtained from the test using Universal Testing Machine and from the test using indigenously designed and developed Digital Flexural Test System have been averaged out. The tests conducted with Universal Testing Machine have been continued till fracture and the maximum load at fracture has been recorded for each case. The core thickness considered includes insert for case B, C and E. 
Results
The flexural stiffness parameter (D) is primarily a function of modulus of rigidity of facings, beam width, thickness of facings and core. Shear modulus (G) is dependent only on the characteristics of the core. The results of flexural tests as per ASTM C393 have been analysed from individual tests. Flexural modulus of the facings is determined using three point bend test. There is an excellent agreement between the predicted (D*) and computed (D) as well as between G* and G which suggests that flexural rigidity and core Shear Modulus of the sandwich panels can be quickly estimated by knowing the modulus of rigidity of facings and dimensions of the sandwich panels. The results are shown in Table 1 . The following parameters are garnered for each test:
Stiffness (P 1 / 1 ) in N/mm, Load at yield in N, Load at failure in N, Deflection in mm at maximum load. The results of the 4 Point tests have the same parameters as above. Changes are P 1 changes to P 2 and 1 change to 2 .
Machine specificationsName -Digital Flexural Testing Machine Capacity -1000 kN Load applied -100 kN The dimensions of test specimens used are shown in Table 2 and Table 3 . The value of 'c' shown in the tables below includes the insert thickness also for cases B, C, and E. 
Stiffness test for Sandwich Panels for 3-point and 4-point bending test
The above data gives the stiffness value calculated from the graphs tabulated.
The comparison of these values is made by finding out the theoretical value of stiffness and tabulated in the Table - 4. The formula for calculating flexural stiffness and shear modulus parameter as per ASME standards is given by
The Predicted flexural stiffness as per ASTM standards is given by the formula 
Conclusions
Flexural stiffness and core shear modulus of sandwich panels of Polyurethane Foam as core separated by GFRP facings have been evaluated as per flexural tests recommended by ASTM C393. An excellent agreement between test results and that obtained from theoretical computations has been observed.
Analysis of D and G values for different cases
With reference to Table 1 , comparison is made between the sandwich panels with and without inserts, with the total thickness for all panels is maintained at 20 mm.
Sandwich panels used in Case A and Case D do not have inserts in them. The difference lies in thickness of the GFRP facing sheets used, which is 1mm and 2mm respectively. The percentage increase in Flexural stiffness (D) from Case A to Case D observed is 52.4%. Case D seems to provide better stiffness. Core Shear Modulus is observed to be 33.67% which also favour Case D. Panels used in Case B and Case C have facing sheets of same thickness that is 1 mm but varies in thickness of inserts being used that is 1 mm and 2 mm respectively. The percentage increase in Flexural stiffness from Case B to Case C is 57.15% and Core Shear Modulus change is 31.42%. Hence due to change in thickness of the inserts it will be able to achieve better properties. Panels used in Case C and Case E have the same thickness of GFRP insert of is 2 mm but the end facing sheet thickness will be 1 mm and 2 mm respectively. The percentage increase in flexural stiffness from Case C to Case E is 52% and Core Shear Modulus change is 22.79%. Hence due to change in thickness of the inserts, better properties are expected. Panels used in Case B and Case E have different sizes of panels, core material and inserts. The percentage increase in flexural stiffness from Case B to Case E is 79.43% and Core Shear Modulus change is 47.05%.
From the various combinations between cases it is observed that when the thickness of face sheet and inserts are kept constant and increased from 1 mm to 2 mm that is 1-8.5-1-8.5-1 to 2-7-2-7-2 there is drastically increase in Static Flexural Stiffness and strength characteristics. It is concluded that the use of inserts increases the stiffness and strength characteristics.
Analysis of Stiffness for different span lengths
With reference to data tabulated in Table 4 and 5 the following conclusions are made:
The tests were carried out for two different span lengths namely 200mm and 400mm. The graphical stiffness values are compared between these two cases and it is found that there will be decrease in stiffness with the increase in span length. For values of stiffness for span length of 200mm, better stiffness is achieved by increase in thickness of face sheet and inserts. For span length of 400 mm also stiffness value is increasing with increase in the thickness of face sheet. With small span length, increase in thickness of face sheet and inserts yields best stiffness values.
Scope for Future Work
The Polyurethane foam core sandwich panels of 20 mm thickness are used in this work. It is suggested to use the increase the thickness by 2 folds and carry out the study. The thickness of panels used are of 1 mm and 2 mm, simultaneously increasing or decreasing of thickness might yield in better flexural stiffness the results obtained in this study.
Similarly by changing the span length for testing may result in varied conclusions.
